Introduction
Paleomagnetism is an important tool for paleogeographic reconstructions and geodynamic analysis. This can be achieved by comparison of apparent polar wander (APW) paths which are a temporal sequence of paleomagnetic poles, obtained from a variety of rock types. APW paths record the tectonic movements of lithospheric plates and, if active, true polar wander (TPW) which is the displacement of an entire, rigid Earth with respect to its spin axis (Goldreich and Toomre, 1969; Gordon and Livermore, 1987) . Paleomagnetic poles are also very useful to test tectonic rotations (around a vertical axis) of lithospheric blocks due to the activity of fault systems with lateral displacements.
Using an APW track of paleomagnetic poles, Kent et al. (2015) have suggested that a TPW episode took place between about 160 and 140 Ma, which should be testable by reliable paleomagnetic poles from well-dated units of different plates around the globe.
The aim of the present work is to constrain the timing of block tectonic rotations in the Deseado Massif of southern Patagonia and to test if paleomagnetic data from South America supports the proposal of a large shift of the whole rigid Earth during the Late Jurassic. To fulfill these goals, paleomagnetic sampling was carried out in the Chon Aike Formation. Its outcrops in the Deseado Massif (Santa Cruz ProvinceArgentina) are considered an integral part of South American Plate during Jurassic times (von Gosen and Loske, 2004; Zaffarana et al., 2010) .
A reliable paleomagnetic pole was obtained from several volcanic flows for which geographic coordinates and statistical parameters are: Lat. = 84.3°S, Long. = 191.3°E, A 95 = 8.6°, K = 13.3, N = 23. The Chon Aike Formation's paleomagnetic sites belong to a voluminous unit of ignimbrites, in which fiammes indicate that it was deposited horizontal to sub-horizontally and an absence of subsequent deformation. Only one sampling site (number 30 in Table 1 ) belongs to a bed with a dip of 65°that was later discarded given the level of uncertainty of its paleomagnetic direction (see below). The northern part of the formation has been well-constrained age-wise (Pankhurst et al., 2000; Féraud et al., 1999) , however, its outcrops cover a large area and there is only one available age in its central area and two in the southern part (see Fig. 1 ).
The new pole for the Chon Aike Formation, presented in this work, precisely constrains the age of tectonic rotations to the Late Jurassic, possibly before the breakup of Western Gondwana (see . Moreover, when it is compared with previously reported paleomagnetic poles from Early Jurassic to mid-Cretaceous igneous units of South America, it precludes any appreciable latitudinal drift of this continent during the Late Jurassic.
Geological setting and paleomagnetic sampling
During Jurassic times, voluminous volcanism developed over a wide area of Patagonia, which was named by Kay et al. (1989) as the Chon Aike Magmatic Province. The distribution of this magmatic province includes the North Patagonian and Deseado Massifs (Río Negro, Chubut and Santa Cruz Argentinian provinces), as well as parts of Tierra del Fuego, Antarctica and the South Atlantic Islands Province (Pankhurst et al., 2000) . In the extra Andean area of the Deseado Massif, there is an important sequence of volcanogenic rocks that forms part of this magmatic province, including the pyro-and epiclastitic lithologies of the Roca Blanca Formation, lavas and subvolcanic bodies of the Bajo Pobre Formation, and the pyro-epiclastitic rocks and lavas of Bahía Laura Group, which includes the Chon Aike Formation (Panza and Haller, 2002) .
Paleomagnetic sampling was carried out in an ignimbritic plateau of about 18,000 km 2 , in the western part of the Chon Aike Formation (Fig. 1) . This plateau constitutes a sequence of ca. 1,300 m of fallout tuffs and ignimbrites that correspond to several cycles of eruptive activity (Echeveste et al., 1999) . The thickness of each ignimbrite flow varies between 5 and 15 m (Fig. 2) , and, in extreme cases, up to 35 m. Its dominant color in outcrop is dark brown to reddish, sometimes light and dark gray, while in fresh faces they can show a pinkish to reddish gray and purple coloration. The ignimbrites contain abundant fiammes with diameters ranging between 2 and ca. 10 cm. Some of these fiammes have been replaced by calcite-filled cavities. It is important to note that both the fiammes and the cavities are parallel to subparallel to the ignimbrite beds, which are horizontal to sub-horizontal. This bedding plane is also shown in many cases by biotite sheets within the ignimbrites (Fig. 3) . González et al. Tectonophysics 750 (2019) [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] Paleomagnetic sampling was carried out in the northern and central areas of the plateau (see Fig. 1 ). In order to average out paleosecular variation of the Earth magnetic field (EMF), 31 paleomagnetic sites were sampled from different ignimbrite flows. These samples were collected using a portable core-drilling machine and oriented using magnetic and solar compasses. Five to eleven samples were taken from each site ( Table 1 ). The sampling was carried out extending over several meters laterally along each ignimbrite flow, and high ground was avoided in order to reduce the possibility of remagnetization of the flows due to lightning strikes.
Petrographic description
Petrographic analyses were carried out to characterize their primary mineralogical composition and to determine any post-depositional alteration that could have affected the original magnetic carriers. The ignimbrites are composed mainly of crystalloclasts of quartz, plagioclase and biotite or amphibole. Euhedral to subhedral zircons and apatites were detected as minor components. Most of the quartz crystals show embayments of corrosion. Plagioclases are zoned (rarely altered to sericite), and biotites show different degrees of alteration to opaque V. Ruiz González et al. Tectonophysics 750 (2019) [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] minerals. The matrix of the ignimbrites is recrystallized, including glass shards and showing different degrees of welding. In all cases, opaque minerals are present, and sometimes rutile appears as an accessory. The fiammes are devitrified and show strong orientation with evidence of flux (Fig. 4a ). Reflected light analysis shows magnetite altered to hematite that could be the potential magnetic carrier (Fig. 4b ).
Radiometric dating
A paleomagnetic pole named Chon Aike (CA) has been listed in various databases (e.g., Torsvik et al., 2012; Kent and Irving, 2010) and has been assigned an age of 165-170 Ma. However, the units sampled for that paleomagnetic pole belongs to the broad "Chon Aike Magmatic Province", which is composed of several different formations with ages ranging between 158.4 Ma (Féraud et al., 1999) and 178.4 Ma (Pankhurst et al., 2000) . This huge magmatic province is located farther east where it is extremely difficult to determine sequences with several stratigraphic levels of ignimbrites . Hence, we are unclear as to whether the previous pole contains enough individual flows to adequately average out secular variation.
The Chon Aike Formation, which constitutes the ignimbritic plateau studied here, has been investigated age-wise by various authors using different dating techniques. In this plateau, there are 6 similar radiometric age determinations with a mean value of~154 Ma in the northern part (see Fig. 1 ) and 2 radiometric ages in the southern part with an average age of 158 Ma. For the rocks sampled in the central area, there is only one published age of 152 ± 2.8 Ma by U-Pb SHRIMP in zircons, obtained on a brownish strongly welded ignimbrite (Moreira et al., 2006) .
In this paper, we collected a grayish ignimbrite at 47.96°S, 69.37°W, which underlies and therefore pre-dates the 152 Ma flow. This sample was dated by the Ar 39 /Ar 40 method in individual biotite crystals ( Fig. 5a ) and its weighted mean age (from 19 crystals) is 156.08 ± 0.05 (2 σ), and therefore similar to the age of the overlying ignimbrite. The sample gave a plateau age of 156.15 ± 0.38 for the 39 Ar released. There is no statistical difference between the plateau age and the inverse isochron age (156.82 ± 0.77), and the initial ratio is smaller than atmospheric, demonstrating that the age has not been influenced by excess argon (Fig. 5b) . The study of this sample was undertaken by the OSU Argon Geochronology Lab, CEOAS Oregon State University, Corvallis. The new radiometric age underpins the age of our paleomagnetic sampling sites in the central part of the plateau. This result confirms that all the ages obtained in the different localities of the ignimbritic plateau range between 151.5 and 158.4 Ma, so the age of our reported paleomagnetic data represents a portion of this time interval. We consider it appropriate to assign an average age of 155.0 ± 3.5 Ma to the Chon Aike Formation paleomagnetic pole (where the error bar corresponds to the range of all reported ages, Fig. 1 ).
Paleomagnetic results
The oriented paleomagnetic samples were processed in the Laboratory of Paleomagnetism "Daniel A. Valencio" in the Department of Geological Sciences of the University of Buenos Aires (Argentina). The samples were sliced into one or two specimens of fresh rock, of 2.5 cm in diameter and 2.2 cm length. Natural remanent magnetization (NRM) before and after demagnetization were determined using an AGICO JR6 magnetometer and a 2 G cryogenic magnetometer which includes a three-axis AF demagnetizer. The stability of the NRM was tested by progressive thermal or alternating field (AF) demagnetization. Thermal demagnetization was performed using an ASC scientific oven. Bulk susceptibility measurements were carried out with an MS2 Bartington instrument after each heating step to monitor the occurrence of chemical possible changes induced by heating. Anisotropy of magnetic susceptibility (AMS) and thermomagnetic curves were determined with a multifunction Kappabridge MFK1. The ChRM of each specimen was determined by applying a least squares line fit (Kirschvink, 1980) . AF demagnetization defined a component of high coercivity after 10 mT (Fig. 6a) . These samples have thermomagnetic curves with Curie temperatures similar to those of (titano-)magnetites (Fig. 6b) . It is observed that the spectrum appears to be modified with heating, reaching lower Curie temperatures on cooling, which may be due to the exsolution of members of the solid solution series. An irreversible drop in susceptibility around 300-400°C may indicate maghemitization of the sampled rocks (in agreement with reflected light analysis). In few cases, the use of AF was not effective in completely demagnetizing the samples (Fig. 6c) and IRM studies of these samples show, the presence of a high coercivity phase along with (titano)magnetites (Fig. 6d) . The IRM acquisition curves of these types of samples shows a sharp rise of magnetization in magnetic fields (H) at < 200 mT, followed by a more gradual acquisition of additional IRM in stronger H. The application of a backfield shows a minimum remanent coercive force (Hcr) around 110 mT. For these cases, the thermal demagnetization method was used exclusively to identify remanent components (Fig. 6e) . For the majority of samples, in specimens of the same sample, both AF and thermal demagnetizations yielded similar ChRM components (Fig. 6f) . In consequence, it was possible to define a component of high coercivity and high unblocking temperature, showing positive and negative inclinations (dual polarity, see Fig. 6a and e). Characteristic remanent magnetizations (ChRM) where determined with maximum angle deviations (MAD) ≤10°.
Site mean directions were found from between three to eleven ChRMs (Fisher, 1953 ; see Table 1 ). 30 site mean directions were accepted for the rest of the analysis, following the criteria of Lanza and V. Ruiz González et al. Tectonophysics 750 (2019) [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] Meloni (2006), while one site (30; Table 1 ) mean direction was discarded because of its large confidence cone (α 95 = 37.4). Incidentally, the discarded site is the only one that has a bedding dip of 65°and could correspond to an edge of a volcano caldera. In the other 21 (9) sites positive (negative) inclinations were observed, implying a dual polarity record. These data, however, show a high degree of between-site scatter in their mean directions (Fig. 7a ) and so anisotropy of magnetic susceptibility (AMS) studies were performed to test if the flow-induced ignimbrite fabric had deflected the ChRM's. Sites 14 and 22, which show markedly different ChRM's (see Table 1 ), display consistent flat lying fabrics (Fig. 8) . The mean tensors of site 14 (N = 7) are K 1 = 1.008, K 2 = 1.005, K 3 = 0.987; and those of site 22 (N = 9) are: K 1 = 1.007, K 2 = 1.004, K 3 = 0.989. Together, these data suggest that the CHRMs are not affected by the anisotropy, but the scatter in directions is a true record of the Earth's Magnetic Field. This proposal is consistent with Lanza and Zanella (1993) , Tarling et al. (1999) , Vizán and Van Zele (2001) , Mena et al. (2006) who have suggested that the remarkable dispersion of Jurassic-early Cretaceous paleomagnetic data may be due to larger magnitudes of the secular variation than at present, or to transitional phases of the geomagnetic field during this time span of high frequency of reversals (as documented by several magnetostratigraphies). It is important to note that in the above-mentioned works the authors analyzed paleomagnetic data from limestones, dolerites and volcanic rocks, which are not affected by inclination flattening.
Validation of the results
Virtual Geomagnetic Poles (VGPs) were calculated from the 30 mean site directions, which are dispersed due to geomagnetic field behavior (see Lanza and Zanella, 1993; Tarling et al., 1999; Vizán and Van Zele, 2001; Mena et al., 2006) . To determine the Chon Aike Formation paleomagnetic pole, an iterative method looking for the highest precision parameter Kappa (Fisher, 1953) in the calculation of the average pole was applied: only those VGPs that were inside a cut-off angle of 40°to the mean pole, were averaged (Wilson et al., 1972) . Seven VGPs were excluded because they differ > 40°(sites with ** in Table 1 , Fig. 9 ) from the mean pole. Its geographic coordinates and V. Ruiz González et al. Tectonophysics 750 (2019) [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] statistical parameters are: Lat. = 84.3°S, Long. = 191.3°E, A 95 = 8.6°, K = 13.3, N = 23. In order to assess the reliability of the calculated pole a reversal test was carried out (see Table 1 ), on the associated directions (McFadden and McElhinny, 1990 ) using the implementation in the IAPD software of Torsvik et al. (2014) . Applying the test to the 23 sites that are used in the calculation of the pole, yields a "Class C" results, with an observed angle of 2.21°, within the critical angle of 14.23° (McFadden and McElhinny, 1990) .
As pointed out by Deenen et al. (2011) , among others, secular variation produces a circular distribution of poles about a mean pole, rather than a circular distribution of directions about a mean direction. It is therefore, perhaps, more appropriate to carry out the reversal test on the distribution of poles. For this purpose, the paleomagnetism.org platform (Koymans et al., 2016) was visited and using the tap "Common Mean True Directions" the reversal test was carried out, which uses the Monte Carlo simulation. It yields a "Class B" result, with an observed angle of 6.21°within a critical angle of 7.40°.
These positive tests imply that demagnetization was successful in defining the primary magnetization.
Discussion
This new paleomagnetic pole supersedes the one obtained by Vizán (1998) , which was derived from the average of previous data by Valencio and Vilas (1970) and Vilas (1974) , for the Chon Aike Magmatic Province. The original data was determined without using orthogonal diagrams and principal component analyses. As previously explained, this previous pole was calculated for rocks of the Chon Aike Magmatic Province, which by definition has a much wider distribution in Patagonia with a wider range of ages (158.4 Ma by Féraud et al., 1999; to 178.4 Ma by Pankhurst et al., 2000) in comparison to the new pole presented here for the Chon Aike Formation (151.5 to 158.4 Ma, see Fig. 1 ).
In the Andean Cordillera some 70 km west of the sampled ignimbritic plateau of the Chon Aike Formation the El Quemado Complex, of comparable age and similar lithologies outcrops ( Fig. 1) and has been paleomagnetically studied previously (Iglesia Llanos et al., 2003) . Both, the Chon Aike Formation and El Quemado Complex paleomagnetic poles are indistinguishable at the 95% confidence level (Fig. 10) . The El Quemado Complex is not believed to have suffered resetting of its geochronological age nor has it been affected by local tectonic rotations detectable by paleomagnetism.
Besides this new Chon Aike Formation and the existing El Quemado Complex paleomagnetic poles, there are no recent paleomagnetic data for cratonic South America around the age of 155 Ma. To check if the Deseado Massif formed an integral part of South America for Late Jurassic times, these paleomagnetic poles were compared with younger and older reliable poles from NE Brazil (Table 2, Fig. 10 ). The paleomagnetic poles from Brazil belong to different dike swarms that have been well dated using the K-Ar method. This method, while not as robust as more modern methods, was applied to only highly selected fresh rocks following detailed petrographic analysis of the samples. Those samples containing glass, clay minerals associated with alteration or secondary minerals were carefully avoided (Mizusaki et al., 2002) . These dates are therefore considered reliable. Age dating, geochemical and paleomagnetic results allowed division into two clear groups of dikes, one at 186 Ma and one at 135 Ma (Ernesto et al., 2003) .
The poles from Patagonia lie between the Brazilian poles, and their Table 1 ). This essentially flat flying fabric is representative of ignimbritic flow but also showing a slight inclination of the fabric contrary to the direction of flow (similar to sedimentary fabrics).
confidence intervals overlap each other (Fig. 10 ). This indicates that southern Patagonia was indeed an integral part of the South American continent during the Late Jurassic. Based on previous analyses, vertical axis tectonic rotations in the Deseado Massif proposed by must be older than 155 Ma. On the other hand, the Chon Aike Formation and El Quemado Complex paleomagnetic poles can be used to construct an APW path for South America during the Mesozoic (see Table 2 ). An APW path for South America was constructed (Fig. 11) for the period from 203 to 102 Ma using only paleomagnetic poles obtained from igneous rocks to avoid any suspicion of inclination shallowing but excluding the Lepá-Osta Arena pole (Vizán, 1998) that may have been affected by tectonic issues (Zaffarana and Somoza, 2012) . These paleomagnetic poles (Table 2) Table 2 ), and two with equivalent ages (Anari-Tapirapua Formation and Bolivar Dykes, 12 and 19 in Table 2 ) that show slightly different geographic locations, perhaps due to unresolved tectonic problems. There is another tight group of paleomagnetic poles from 145 to 129 Ma (3-9 in Table 2 ); and Marifil Fm., Chon Aike Fm. and El Quemado Complex paleomagnetic poles forming the group in the middle (10-12 in Table 2 ). The Marifil Formation pole would represent a record of the poleward drift of South America between these two main paleomagnetic pole groups. Somoza and Zaffarana (2008) proposed a polar standstill between ca. 125 to at least 100 Ma. Despite the need for more reliable and welldated paleomagnetic poles of stable South America for the Mesozoic period, it is clear that between~155 Ma and 102 Ma there is very little change in the paleomagnetic pole position.
Indeed, all poles for the past 200 m.y. should closely resemble each other and internal displacement between different blocks within South America may be difficult to discern because South America has essentially stayed at the same latitude throughout that period (Torsvik et al., 2009) . Kent and Irving (2010) and Kent et al. (2015) motivated by Steinberger and Torsvik (2008) and Torsvik et al. (2012) have suggested a very large and rapid phase of TPW between 200 and 140 Ma. A TPW event, by definition, should be detectable in all tectonic plates and would involve a displacement about an Euler pole located close to the equatorial plane (Marcano et al., 1999) . Recently, Fu and Kent (2018) performed an analysis on core samples of the Pacific ocean basin and suggested that large amplitude TPW occurred as recently as the Late Jurassic, however further paleomagnetic experiments on both ) (see Table 2 ). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) continental and oceanic crust material during the Late Jurassic to Early Cretaceous are necessary to test this motion. To evaluate if South American paleomagnetic data support this suggestion we compare an APW path of this continent between ca. 200 Ma and ca. 100 Ma with global APW paths for this time span of Torsvik et al. (2012) and Kent and Irving (2010) , in South African geographic coordinates, using the Euler rotation parameters proposed by the respective authors ( Fig. 12a  and b) . The South America APW path was constructed using a running mean with 20 m.y. windows (Table 3 ). The South American mean poles compare closely with the global mean path of Torsvik et al. (2012) (Fig. 12a) . There are some differences between both APW paths but, essentially, the South America path shows a clear counter-clockwise loop as in the global APW path of Torsvik et al. (2012) . In contrast, the South American mean poles contrast sharply with the global APW path of Kent and Irving (2010) differing by some 25°between 160 and 140 Ma (Fig. 12b) . The track between 180 and 140 Ma of the running mean APW path for South America does not support the huge shift suggested by Kent and Irving (2010) , Kent et al. (2015) and Fu and Kent (2018) .
Conclusions
A reliable paleomagnetic pole which indicates that southern Patagonia was an integral part of South America during the Late Jurassic is presented.
Vertical axis tectonic rotations in the Deseado Massif proposed by during Gondwana break-up must be older than 155 Ma.
Currently, reliable South American paleomagnetic poles do not Table 2 ). The new Chon Aike pole of this paper is marked in purple. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) Fig. 12 . Running Mean APW paths of South America (see Table 3 ) rotated to South Africa frame (orange) and compared with previous Global Running Mean APW paths (gray) from: a) Torsvik et al. (2012) ; b) Kent and Irving (2010) .
V. Ruiz González et al. Tectonophysics 750 (2019) [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] show a significant amount of APW in Jurassic -Cretaceous times and therefore do not support a TPW event at this time. González et al. Tectonophysics 750 (2019) 45-55 
